Introduction
The Incremental Motion Encoder (IME)! is a new technique which monitors rotary motion. It is well known that the angular position of a rotating shaft can be measured using an incremental shaft encoder 2 . The IME is an innovative development in which two or more further read heads are added to the shaft encoder and the passing ofevery grating line at each read head is detected. Thus the IME is able to resolve and measure the horizontal and vertical motion ofthe shaft 3 as well as improving the measurement of angular position. This paper describes the principles of the IME and reports on our recent analysis of the interpolation method used.
Unwanted vibrations are a major problem in bearings on rotating shafts and are often an indication of the onset of failure in the bearings. Traditionally, monitoring vibrations involves either accelerometers or proximity sensors, both of which are analogue devices. Accelerometers are relatively easy to fit but may degrade over time. They are also of limited usefulness because they suffer from cross-axis sensitivity, and cannot distinguish between vibrations in the bearing itself and those in the whole structure. Proximity sensors, on the other hand, are normally only used in research situations because they require precision grinding of the shaft and need very careful calibration. If data on angular motion or torsional vibrations are needed, then an incremental shaft encoder 2 must also be used. However, by adding two or more read heads to an incremental shaft encoder, it can be converted into an IME' which can provide data about not only angular motion but also any movement in the plane perpendicular to the axis of the shaft and both radial and torsional vibrations.
The widely used incremental shaft encoder 2 involves a rotating grating disc and a single read head (Figure la) . By detecting the movement ofthe grating lines past the read head, the shaft encoder can measure the angular position at a given time, thus enabling the computation of velocity and acceleration. The IME is a major development of the incremental shaft encoder, firstly because it uses three or more read heads, each of which measures the motion of the disc independently. Two read heads can detect only angular motion and movement in a direction perpendicular to the line joining them (Figure I b) . However, the data from three (or more) read heads can be combined to provide a complete measure of the motion in the plane perpendicular to the axis of rotation 4 (Figure 1c) .
The second major aspect of the IME is that the data are sampled at much higher frequency than is conventionally used for the incremental shaft encoder. Rather than recording the angular position of the disc at equal intervals of time, the IME records, for each read head, the time when every grating line passes that read head. We have developed algorithms to process the large quantity of data obtained to provide Previous work has investigated the error involved in using the approximate formula given in the section on 'The principle of the IME' for calculating the xand y-dispJacements 8 . An exact version of the formula has been derived. In order to calculate, for a given time, the value of the angle e and the corresponding one for y, it is necessary 120 the bearing. Because of the method of collecting the IME data, we use frequency measured in cycles per revolution, so we can exploit the result that the frequency of vibrations due to a defect does not depend on the speedS,?
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Processing of the read head data
Recently our research has shown that it is possible to monitor bearing condition using an IME. We have found that the degree of variation between one orbit and the next is a good indicator of the condition of the bearing. Figure 5 shows 20 orbit plots superimposed from a tightly adjusted new angular contact bearing, and it can be seen that the variation is very small. If the bearing lubricant is contaminated with small particles of grit, then the orbit plot will contain random movements caused by the particles and the variation will be greater 3 (Figure 7) . However, when a bearing is worn or badly adjusted, there will not only be greater variation between one orbit and the next but the effects will be more systematic, as can seen in Figure 6 , where the pattern repeats itself after 7 rotations 5 ,6. The effect of minor corrosion on a bearing is less pronounced than for a worn bearing, but the greater variation can still be detected by taking the cumulative displacement difference over a number of rotations? (Figure 8 ).
(The absolute values of the changes in displacement between one orbit and the next are added together.) Fourier transforms of x-or y-displacements enable us to detect the presence of defects on Three read heads are sufficient for the IME to work, but the explanation is simpler in the case of four read heads evenly spaced round the grating disc. One of our experimental rigs is shown in Figure 2 using four read heads and Figure 3 shows the geometrical relat ionship between the disc and the read heads. In order to find the X-displacement of the centre of the disc relative to the read heads at a given time, the value of the angle e must be found.
Then the x-displacement is given by the approximate formula x = R ( e-n) /2 (provided that Ie-n I« I radian).
The y-displacement is found in a similar way, and the two are then combined to obtain a two-dimensional orbit plot of the centre of the disc as shown in Figure 4 .
Monitoring of bearing condition
The principle of the IME The IME technology involves an innovative development of the widely used incremental shaft encoder. It has the advantage that one set of readings provide measurements of three degrees of freedom; and it is very versatile, broadband, digital and hence highly stable. Additional information, such as velocity, acceleration, shaft loadings and vibrations, can be provided by further analysis of the same readings.
Detection of bearing faults has already been demonstrated qualitatively using the IME. For quantitative results to be reliable, the variation in speed between one grating line and the next must be very small. This will be the case, provided that any vibrations are of much lower frequency than the grating line frequency, i.e. the product of the disc resolution and the rotational speed of the shaft. grating line frequency (or sampling frequency) can be seen to agree with Shannon's Sampling Theorem 9 .
Conclusions s to interpolate the data since the timings obtained from the read heads are not only unequally spaced in time but vary for the different read heads. The work done so far has used linear interpolation between the data points from a given read head. This has the advantage of being simple and very quick to calculate, so that the large number of points for the orbit plots can be produced in real time. Usually the data points from one read head are very close to linear, so the errors produced are expected to be small. However, we have investigated the error likely to be caused by this method of interpolation and made an estimate of an upper bound for its magnitude.
We have found that the maximum size of the error can be related to the size of the variation in length of time between the passing of one grating line and the next, provided that the variation in speed is very small. Therefore we require that any vibrations present have a frequency much lower than the frequency of the passing of the grating lines, which is given by Nw, where N is the number of grating lines on the disc (resolution of the disc) and w is the rotational speed of the disc. This will usually be the case when the disc resolution is large (our experiments used a disc of resolution 1024). The requirement that the fTequency of any vibrations must be much lower than the
